This paper presents the problem definition and guidelines of a set of benchmark control problems for seismically excited nonlinear buildings. Focusing on three typical steel structures, 3-, 9-and 20-story buildings designed for the SAC project for the Los Angeles, California region, the goal of this study is to provide a clear basis to evaluate the efficacy of various structural control strategies. A nonlinear evaluation model has been developed that portrays the salient features of the structural system. Evaluation criteria and control constraints are presented for the design problems. The task of each participant in this benchmark study is to define (including sensors and control algorithms), evaluate and report on their proposed control strategies. These strategies may be either passive, active, semi-active or a combination thereof. The benchmark control problems will then facilitate direct comparison of the relative merits of the various control strategies. To illustrate some of the design challenges, a sample control strategy employing active control with a linear quadratic Gaussian (LQG) control algorithm is applied to the 20-story structure.
Introduction
The protection of civil structures, including material content and human occupants, is, without doubt, a world-wide priority. The extent of protection may range from reliable operation and occupant comfort to human and structural survivability. Civil structures, including existing and future buildings, towers and bridges, must be adequately protected from a variety of events, including earthquakes, winds, waves and traffic. The protection of structures is now moving from reliance entirely on the inelastic deformation of the structure to dissipate the energy of severe dynamic loadings, to the application of passive, active and semi-active structural control devices to mitigate undesired responses to dynamic loads. However, even in controlled structures, it can be expected that large seismic events, such as the 1994 Northridge and the 1995 Kobe earthquakes, will cause structural members to exceed the elastic limit.
In the last two decades, many control algorithms and devices have been proposed for civil engineering applications (Soong 1990; Housner, et al. 1994; Soong and Constantinou 1994; Fujino, et al. 1996; Housner, et al. 1997; Spencer and Sain 1997) , each of which has certain advantages, depending on the specific application and the desired objectives. The seismic response of nonlinear structures to severe earthquakes has also been studied and control algorithms for these nonlinear structures have been proposed by a number of researchers (Masri, et al. 1981; Masri, et al. 1982; Reinhorn, et al. 1987; Yang, et al. 1992; Yang, et al. 1994; Yang, et al. 1995; Pantelides and Nelson 1995; Chang, et al. 1996; Bani-Hani and Ghaboussi 1998; Tsai, et al. 1998; Barrosa 1999) . It is evident that different researchers use different structures and different criteria to show the efficacy and effectiveness of their own particular control strategies. At the present time, structural control research, as a whole, is greatly diversified with regard to these specific applications and desired objectives. A common basis for the comparison of various algorithms and devices does not currently exist. Determination of the general effectiveness of structural control algorithms and devices, a task which is necessary to focus future structural control research and development, is challenging.
Ideally, each proposed control strategy should be evaluated experimentally under conditions that closely model the as-built environment. However, it is impractical, both financially and logistically, for all researchers in structural control to conduct even small-scale experimental tests. An available alternative, denoted "software testbeds" by Caughey (1998) , is the use of consensusapproved, high-fidelity, analytical benchmark models to allow researchers in structural control to test their algorithms and devices and to directly compare the results.
The American Society of Civil Engineers (ASCE) Committee on Structural Control has recognized the significance of structural control benchmark problems. The Committee developed a benchmark study, focusing primarily on the comparison of structural control algorithms for threestory building models. The initial results of this study were reported at the 1997 ASCE Structures Congress, held in Portland, Oregon Balas 1997; Lu and Skelton 1997; Wu, et al. 1997; Smith, et al. 1997) . Additionally, a more extensive analysis of these benchmark structural control problems formed the basis for a special issue of Earthquake Engineering and Structural Dynamics (Spencer, et al. 1998 a, b) . Several of these algorithms have been experimentally verified at the University of Notre Dame's Structural Dynamics and Control/Earthquake Engineering Laboratory (Baker, et al. 1999) .
Building on the foundation laid by the ASCE Committee on Structural Control, the next generation of benchmark structural control studies were initiated by the Working Group on Building Control during the Second International Workshop on Structural Control held December [18] [19] [20] 1996 , in Hong Kong . As stated by the Working Group, the goal of this effort was to develop benchmark models to provide systematic and standardized means by which competing control strategies, including devices, algorithms, sensors, etc., can be evaluated. This goal drives the next generation of structural control benchmark problems, and its achievement will take the structural control community another step toward more readily allowing implementation of innovative control strategies for dynamic hazard mitigation.
As an outgrowth of the workshop in Hong Kong, two benchmark problems for the control of buildings were developed for presentation at the 2nd World Conference on Structural Control held June 28-July 1, 1998, in Kyoto, Japan. The first, detailed in Yang, et al. (1999) , proposed a benchmark problem for wind excited buildings. The second benchmark problem, detailed in , was the next generation benchmark control problem for seismically excited buildings. These two benchmark studies were successful, although the structural models were considered to remain perfectly elastic. Large magnitude earthquakes can, however, cause material yielding in the structural elements of civil structures, resulting in nonlinear responses. At the First World Conference on Structural Control held in Pasadena, the necessity of taking into account structural nonlinearity was identified. During the 2nd World Conference on Structural Control, as a result of the success of the linear benchmarks presented, it was decided to pursue a nonlinear analysis.
The benchmark problem presented herein is an extension of the seismically excited next generation benchmark problem presented at the 2nd World Conference on Structural Control to include nonlinear responses and to address other building heights. For this nonlinear benchmark study, 3-, 9-and 20-story steel buildings designed for the SAC 2 project are the benchmark structures considered. Descriptions of these structures are discussed in the next section. High-fidelity nonlinear models of the structures are developed and are designated as the nonlinear evaluation models. In the context of this study, the evaluation models are considered to be true models of the structural systems. Several evaluation criteria, measuring the effectiveness of the control strategies to reduce undesired responses of the evaluation model to ground excitation, are given, along with the associated control design constraints. Researchers/designers participating in this benchmark study can propose control strategies for any of the three benchmark buildings and shall define (including sensors and control algorithms), evaluate and report the results of their proposed control strategies for each building considered. The location on the structure must be specified for each control device and sensor employed. Passive, active and semi-active devices, or a combination thereof, may be considered. Although the dynamics of the control actuators are important to the control design problem (Dyke, et al. 1995) , for this initial nonlinear benchmark problem, the dynamics of control devices are not considered. Appropriate models for sensors must be identified. For active and semi-active control strategies, control algorithms must also be specified. For illustrative purposes, a complete sample control design, similar to that employed in the next generation benchmark study, is presented for the 20-story benchmark building. Although this sample control system is not intended to be competitive, it demonstrates how one might identify the sensors and control devices employed, build a design model, develop a controller and evaluate a complete control system design.
Benchmark Structures
The 3-, 9-and 20-story structures used for this benchmark study were designed by Brandow & Johnston Associates 3 for the SAC Phase II Steel Project. Although not actually constructed, these structures meet seismic code and represent typical low-, medium-and high-rise buildings designed for the Los Angeles, California region. These buildings were chosen because they also serve as benchmark structures for the SAC studies and, thus, will provide a wider basis for the comparison of results. The specifications for each of these buildings are discussed in the following paragraphs.
3-Story Benchmark Building
The three-story (3-story) benchmark structure is 36.58 m (120 ft) by 54.87 m (180 ft) in plan, and 11.89 m (39 ft) in elevation. The bays are 9.15 m (30 ft) on center, in both directions, with four bays in the north-south (N-S) direction and six bays in the east-west (E-W) direction. The building's lateral load-resisting system is comprised of steel perimeter moment-resisting frames (MRFs) with simple framing between the two furthest south E-W frames. The interior bays of the structure contain simple framing with composite floors.
The columns are 345 MPa (50 ksi) steel. The columns of the MRF are wide-flange. The levels of the 3-story building are numbered with respect to the ground level (see Figure 1) . The 3rd level is the roof. Typical floor-to-floor heights (for analysis purposes measured from center-ofbeam to center-of-beam) are 3.96 m (13 ft). The column bases are modeled as fixed (at the ground level) to the ground.
The floors are composite construction (i.e., concrete and steel). The floor system is comprised of 248 MPa (36 ksi) steel wide-flange beams acting compositely with the floor slab. In accordance with common practice, the floor system, which provides diaphragm action, is assumed to be rigid in the horizontal plane. The inertial effects of each level are assumed to be carried evenly by the floor diaphragm to each perimeter MRF, hence each frame resists one half of the seismic mass associated with the entire structure.
The seismic mass of the structure is due to various components of the structure, including the steel framing, floor slabs, ceiling/flooring, mechanical/electrical, partitions, roofing and a penthouse located on the roof. The seismic mass of the first and second levels is 9.57×10 5 kg (65.5 kips-sec 2 /ft) and the third level is 1.04×10 6 kg (71.0 kips-sec 2 /ft). The seismic mass of the entire structure is 2.95×10 6 kg (202 kips-sec 2 /ft). The 3-story N-S MRF is depicted in Figure 1 . 
9-Story Benchmark Building
The nine-story (9-story) benchmark structure is 45.73 m (150 ft) by 45.73 m (150 ft) in plan, and 37.19 m (122 ft) in elevation. The bays are 9.15 m (30 ft) on center, in both directions, with five bays each in the north-south (N-S) and east-west (E-W) directions. The building's lateral load-resisting system is comprised of steel perimeter moment-resisting frames (MRFs) with simple framing on the furthest south E-W frame. The interior bays of the structure contain simple framing with composite floors.
The columns are 345 MPa (50 ksi) steel. The columns of the MRF are wide-flange. The levels of the 9-story building are numbered with respect to the ground level (see Figure 2) . The ninth level is the roof. The building has a basement level denoted B-1. Typical floor-to-floor heights (for analysis purposes measured from center-of-beam to center-of-beam) are 3.96 m (13 ft). The floorto-floor height of the basement level is 3.65 m (12 ft) and for the first floor is 5.49 m (18 ft). The column lines employ two-tier construction, i.e. monolithic column pieces are connected every two levels beginning with the first level. Column splices, which are seismic (tension) splices to carry bending and uplift forces, are located on the first, third, fifth and seventh levels at 1.83 m (6 ft) above the center-line of the beam to column joint. The column bases are modeled as pinned and secured to the ground (at the B-1 level). Concrete foundation walls and surrounding soil are assumed to restrain the structure at the ground level from horizontal displacement.
NOTES
The floor system is comprised of 248 MPa (36 ksi) steel wide-flange beams acting compositely with the floor slab as in the 3-story building. Similar to the 3-story building, each frame resists one half of the seismic mass associated with the entire structure.
The seismic mass of the structure is due to various components of the structure, including the steel framing, floor slabs, ceiling/flooring, mechanical/electrical, partitions, roofing and a penthouse located on the roof. The seismic mass of the ground level is 9.65×10 5 kg (66.0 kipssec 2 /ft), for the first level is 1.01×10 6 kg (69.0 kips-sec 2 /ft), for the second through eighth levels is 9.89×10 5 kg (67.7 kips-sec 2 /ft) and for the ninth level is 1.07×10 6 kg (73.2 kips-sec 2 /ft). The seismic mass of the above ground levels of the entire structure is 9.00×10 6 kg (616 kips-sec 2 /ft). The 9-story N-S MRF is depicted in Figure 2 .
20-Story Benchmark Building
The twenty-story (20-story) benchmark structure is 30.48 m (100 ft) by 36.58 m (120 ft) in plan, and 80.77 m (265 ft) in elevation. The bays are 6.10 m (20 ft) on center, in both directions, with five bays in the north-south (N-S) direction and six bays in the east-west (E-W) direction. The building's lateral load-resisting system is comprised of steel perimeter moment-resisting frames (MRFs). The interior bays of the structure contain simple framing with composite floors.
The columns are 345 MPa (50 ksi) steel. The interior columns of the MRF are wide-flange. The corner columns are box columns. The levels of the 20-story building are numbered with respect to the ground level (see Figure 3) . The building has two basement levels. The level directly below the ground level is the second basement (B-1). The level below B-1 is the second basement (B-2). Typical floor-to-floor heights (for analysis purposes measured from center-of-beam to center-of-beam) are 3.96 m (13 ft). The floor-to-floor heights for the two basement levels are 3.65 m (12 ft) and for the ground level is 5.49 m (18 ft).
The column lines employ three-tier construction, i.e. monolithic column pieces are connected every three levels beginning with the first level. Column splices, which are seismic (tension) splices to carry bending and uplift forces, are located on the first, fourth, seventh, tenth, thirteenth, sixteenth and eighteenth levels at 1.83 m (6 ft) above the center-line of the beam to column joint. The column bases are modeled as pinned and secured to the ground (at the B-2 level). Concrete foundation walls and surrounding soil are assumed to restrain the structure at the ground level from horizontal displacement.
The seismic mass of the structure is due to various components of the structure, including the steel framing, floor slabs, ceiling/flooring, mechanical/electrical, partitions, roofing and a penthouse located on the roof. The seismic mass, including both N-S MRFs, of the ground level is 5.32×10 5 kg (36.4 kips-sec 2 /ft), for the first level is 5.63×10 5 kg (38.6 kips-sec 2 /ft), for the second level to 19th level is 5.52×10 5 kg (37.8 kips-sec 2 /ft), and for the 20th level is 5.84×10 5 kg (40.0 kips-sec 2 /ft). The seismic mass of the above ground levels of the entire structure is 1.11×10 7 kg (760 kips-sec 2 /ft). The 20-story N-S MRF is depicted in Figure 3 . 
Evaluation Models
This benchmark study will focus on an in-plane (2-D) analysis of the benchmark structures. The frames considered in the development of the evaluation models are the N-S MRFs (the short, or weak, direction of the buildings) for the structures described in the previous section. Passive, active and/or semi-active control devices can be implemented throughout these N-S frames of the 3-, 9-and 20-story structures and their performance assessed using the evaluation models in this section and the evaluation criteria identified in the Control Design section.
Based on the physical description of the 3-, 9-and 20-story structures described in the previous section, in-plane finite element models of the N-S MRFs have been developed. Structural member nonlinearities are included to capture the inelastic behavior of buildings during strong earthquakes. The beams and columns of the structures are modeled as plane-frame elements, and mass and stiffness matrices for each of the structures are determined. A bilinear hysteresis model is used to characterize the nonlinear bending stiffness of the structural members. The damping matrix is determined based on an assumption of Rayleigh damping. This process is described in further detail in the following paragraphs.
Nodes are located at beam-to-column joints. Elements are created between nodes to represent the beams and columns in the structure. The beam members extend from the center-line of column to center-line of column, thus ignoring the column panel zone. Inertial loads, accounting for the seismic mass of the floor slabs, ceiling/flooring, mechanical/electrical, partitions, roofing and penthouse are uniformly distributed at the nodes of each respective level assuming a lumped mass formulation.
The 9-and 20-story building frames contain column splices. The column joint of the splice story is located 1.83 m (6 ft) above the center-line of the beam. For simplicity the spliced columns are modeled as having uniform properties over the story height equal to the weighted average of the upper and lower column properties of that story. There is no node modeled at the splice.
Each node has three degrees-of-freedom (DOFs): horizontal, vertical and rotational. The 3-, 9-and 20-story structures have 60, 198, and 414 DOFs prior to application of boundary conditions/constraints, respectively. Global DOF is the p-th local DOF (i.e., horizontal: p=1, vertical: p=2, rotational: p=3) of the q-th node, which is indicated in the figures of the previous section, and is given by . Each element, modeled as a plane frame element, contains two nodes and six DOFs. The length, area, moment of inertia, modulus of elasticity and mass density are pre-defined for each element. The elemental lumped mass and stiffness matrices are determined as functions of these properties (Sack 1989; Cook, et al. 1989) . Global mass and stiffness matrices are assembled from the elemental mass and stiffness matrices by summing the mass and stiffness associated with each DOF for each element of the entire structure. Rotational inertia is ignored; thus, rotational mass is assigned a small value. The DOFs corresponding to fixed boundary conditions are then constrained by eliminating the rows and columns associated with these DOFs from the global mass and stiffness matrices.
The simulation of the benchmark buildings is developed to represent control of the entire structure, including both N-S MRFs and the entire mass of each structure. Researchers/designers should recognize that the control strategies applied within this study represent the structural control of the entire benchmark building being considered.
The first three natural frequencies of the 3-story benchmark evaluation model are: 0.99, 3.06, and 5.83 Hz. The first five natural frequencies of the 9-story benchmark evaluation model are: 0.443, 1.18, 2.05, 3.09, and 4.27 Hz. The first 10 natural frequencies of the 20-story bench- (Barrosa 1999; Spencer, et al. 1998) .
Assuming the structures respond in the elastic range, transfer functions for the displacement and absolute acceleration at the top of each building from ground acceleration can be determined. These transfer functions are provided in Figure 4 . The first three mode shapes for the 3-, 9-and 20-story building models are shown in Figure 5 . 
Nonlinear Analysis Tool
During large seismic events, structural members can yield, resulting in nonlinear response behavior that may be significantly different than a linear approximation. To better represent the nonlinear behavior, a bilinear hysteresis model, as shown in Figure 6 , is used to model the plastic hinges, the points of yielding, of the 3-, 9-and 20-story building structural members. The bilinear bending properties are predefined for each structural member. These plastic hinges, which are assumed to occur at the moment resisting columnbeam and column-column connections, introduce a material nonlinear behavior of these structures. While MATLAB ® (1997) has a wide range of numerical tools for control design and analysis, it does not have built-in integration schemes that can effectively determine the time domain response of such nonlinear structures. Therefore, an efficient implementation of the Newmark-time-step integration method was developed in MATLAB for this purpose (Ohtori and Spencer 1999) . This section discusses the nonlinear algorithm and its implementation.
The Newmark-method, which is reviewed in detail by Subbaraj and Dokainish (1989) , is used to solve the incremental equations of motion. The incremental equations of motion for the nonlinear structural system take the following form (1) where, , , and are the mass, damping and stiffness matrices of the building, is the incremental response vector, is a loading vector for the ground acceleration, is the ground acceleration increment, is a loading vector for the control forces, is the incremental control force and is the vector of the unbalanced forces. The unbalanced force is the difference between the restoring force evaluated using the hysteresis model and the restoring force assuming constant linear stiffness at time during the time interval ( ). This unbalanced force is handled at the next time step. That is, the unbalanced force is added as external force at the next time step.
Because the floor slab is assumed to be rigid in the horizontal plane, the nodes associated with each level have the same horizontal displacements. Therefore, the dependent (slave) horizontal DOFs on each floor slab can be expressed in terms of a single active horizontal DOF. That is, the displacements can be expressed using those of the active nodes, , that include all vertical, all rotational and one horizontal DOF per level. This relation can be written as (2) in which is a transformation matrix for expressing the full response vector in terms of the active degrees of freedom. 
The reduced damping matrix, , can now be determined using an assumption of Rayleigh damping as (3) where and are chosen such that modal damping coefficients . The damping in each mode, according to Rayleigh damping, is given by (4) where is the natural frequency of the i-th mode. A plot of the damping coefficients in the respective modes for the 20-story building model is shown in Figure 7 .
The following two expressions, proposed by Newmark (1959) , are employed to solve the incremental equations of motion in Eq. (1): (5) (6) in which is the calculation time interval, and are the responses at and , respectively, and and are the Newmark parameters. When and , the calculations are unconditionally stable. Substituting Eq. (5) and Eq. (6) into Eq. (1), the following equations can be derived: (10) and where is the tangent (instantaneous) stiffness matrix of the structure at time . To determine the tangent stiffness, , a concentrated plasticity model is implemented to model the material nonlinearity of the structural members. The concentrated plasticity model is appropriate for steel structures such as the steel moment resisting frame structures being considered here. The spread plasticity model forms the basis for the concentrated plasticity model. The matrix coefficients of the spread plasticity model were derived by Lobo (1994) and rewritten for improved numerical stability by Valles, et al. (1996) . These models use a flexural formulation to derive the element stiffnesses of the nonlinear elements. With the concentrated plasticity model (Clough and Johnson 1966; Giberson 1967) , the members are assumed to be elastic and yielding occurs only at the ends. The parameters and are introduced so as to express the inelastic spring at the end of each member. For the concentrated plasticity model, the following stiffness matrix is used for expressing the material nonlinearity 
in which and are the moments at the ends A and B of the element, respectively; and are the rotations at the ends A and B; and are flexural stiffness at the ends of the members at A and B, respectively; is the center stiffness of the member; is the shear stiffness of the member; and L is the length of the member.
MATLAB Implementation of Nonlinear Analysis
The nonlinear evaluation model requires a MATLAB-based program, implemented as a SIM-ULINK ® system function (S-function), to calculate the nonlinear response of the model. This S-function performs the nonlinear dynamic analysis using the previously discussed Newmarkmethod. The accuracy of the nonlinear evaluation model was verified with the commercial structural analysis program IDARC2D (Ohtori and Spencer 1999 ).
Control Design
The task of the researchers/designers in the benchmark study control design problems is to define an appropriate passive, active, or semi-active control strategy, or a combination thereof. It is left to the researchers/designers to define the type, appropriate model and location of the control device(s)/sensor(s) and to develop appropriate control algorithms. The evaluation model, however, will remain invariant to the various applied control strategies. By using a specific building model and common evaluation criteria, various control strategies can be compared directly, fulfilling the purpose of these benchmark problems. In this section an overview of the control design process, with respect to the task of the researcher/designer, is offered, and the interface with the various models of the simulation are identified.
Overview of Researcher/Designer Tasks
As part of the MATLAB-based nonlinear benchmark study, four programs and four data sets are employed directly. The data flow between the MATLAB-based programs and data sets is shown in Figure 8 . Shaded tasks are predefined and remain invariant to the different control strategies, clear tasks are to be defined by each researcher/designer. Each proposed control strategy requires the researcher/designer to define an input/output data file to identify the input location of control forces onto the evaluation model and the type and location of output responses of the evaluation model for evaluation, measurement and connectivity purposes. Additionally, the researcher/ designer must define sensor and controller models for their proposed control strategy. Each proposed control strategy is applied to a nonlinear evaluation model and simulated for seismic excitation. The simulator for the nonlinear evaluation model is illustrated in Figure 9 . To run the nonlinear evaluation model simulation, the researcher/designer must include SIMULINK blocks for their sensor(s) and controller/control device(s). The final task of each researcher/designer is to evaluate their proposed control strategy using the evaluation criteria discussed in the following Evaluation Criteria section. 
Interfacing with the Evaluation Model
The evaluation model for the 3-, 9-and 20-story structures takes the general form (18) (19) (20) (21) where is the state vector, is the vector corresponding to the measured outputs, is the vector corresponding to the building response evaluation outputs that are used for evaluation of the system, and is the vector of output responses that are used as inputs to control device models. The specific response quantities considered in , , and should be specified in the user defined data file for outputs. It should be noted here that information regarding the building damage is saved directly by the nonlinear evaluation model and need not be specified in the vector . Equation (18), in general a nonlinear equation, is solved using the Newmark-method and the nonlinear evaluation model described previously.
Interfacing with the Sensor Models
For active/semi-active control strategies to interface with the benchmark building model defined in Eqs. (18)-(21), the measured outputs of the evaluation model must be measured by sensors. Researchers/designers should develop models for the sensors which take the form (22) (23) where is the continuous time state vector of the sensor(s), is a measurement noise vector and is the continuous time output of the sensor(s). All measured responses have units of Volts.
Interfacing with the Controller
For active/semi-active control systems, the corresponding controller is required to take the form
is the discrete state vector of the control algorithm at time , is the sampled input to the control algorithm (discretized measured output from the sensor model), and is the discrete control command from the control algorithm.
Interfacing with the Control Device Models
For this initial nonlinear benchmark problem, ideal control actuators may be assumed. The control force and device information would take the form (26) (27) where is the continuous time force output (in Newtons) of the control device(s) applied to the structure, is the vector of control device responses used for evaluation purposes and is the continuous controller output (sample and hold of ) in Volts.
Evaluation results should be presented for a control strategy using idealized actuators. However, if a researcher/designer wants to include actuator dynamics, to interface with the benchmark building model the control device model(s) should take the form (28) (29) (30) where is the continuous time state vector of the control device. Note that for passive control devices, , and (if applicable) will not be functions of .
Evaluation Criteria
In order to evaluate proposed control strategies, two far-field and two near-field historical records are selected: (i) El Centro. Figure 10 .
Additionally, this benchmark study will consider various levels of each of the earthquake records including: 0.5, 1.0 and 1.5 times the magnitude of El Centro and Hachinohe; and 0.5 and 1.0 times the magnitude of Northridge and Kobe. This is a total of 10 earthquake records to be considered in the evaluation of each control strategy.
The evaluation criteria are divided into four categories: building responses, building damage, control devices, and control strategy requirements. The first three categories have both peak and normed based criteria. Small values of the evaluation criteria are generally more desirable.
The first category of the evaluation criteria is related to the building responses. The first three criteria are based on peak interstory drift ratio ( ), level acceleration ( ) and base shear ( ):
over the range , and for the 3-, 9-and 20-story buildings respectively (includes only above ground levels), where is the interstory drift of the above ground level over the time history of each earthquake, is the height of each of the associated 
is the maximum interstory drift ratio of the uncontrolled structure calculated by equation of , and are absolute acceleration of the i-th level with and without control devices respectively, is the seismic mass of the i-th above ground level and is the maximum base shear of the uncontrolled structure for each respective earthquake. The next three criteria are based on normed building responses. The interstory drift ( ), level acceleration ( ), and base shear ( ) are defined in their normed based forms as (34) (35) ( 36) where the norm, , is computed using the following equation (37) and is a sufficiently large time to allow the response of the structure to attenuate. In this benchmark study the duration of 100 sec is adopted for the El Centro, Hachinohe, and Northridge earthquakes and 180 sec for the Kobe earthquake. The normed values for , , and are the maximum normed interstory drift ratio, absolute acceleration and base shear force corresponding to the uncontrolled structure excited by each respective earthquake.
The second category of the evaluation criteria assesses the building damage. These criteria have been added because of the nonlinear character of this benchmark study. Both ends of each element are considered in these criteria to assess the yielding, excluding simply supported beam elements (as well as the fixed-hinged beam elements in the 9-story structure). The seventh and eighth evaluation criteria are based on peak responses while the ninth and tenth are normed-based criteria. The evaluation criteria for the ductility factor ( ) and dissipated energy of the curvatures at the end of members ( ) are defined as
page 20 (38) ( 39) where is the curvature at the ends of the j-th element (member), is the dissipated energy at the ends of the member during the respective earthquake, and are the yield curvature and the yield moment at the end of the j-th member, respectively, and and are the maximum curvatures and the maximum dissipated energy (maximum of all element ends and over time) of uncontrolled structure.
The ninth evaluation criterion ( ) is the ratio of the plastic connections sustained by the structure while controlled and uncontrolled and is given by (40) where is the number of damaged connections (member ends) without control and are the number of damaged connections with control. Evaluation criteria and only have meaning for structures undergoing plastic deformations and are, therefore, undefined (should not be calculated or reported) when the uncontrolled building remains elastic.
The tenth evaluation criterion ( ) is the normed ductility factor and is given by (41) where and are the normed curvature at the member ends with and without control, respectively. The curvature ( ), normed curvature ( ), dissipated energy ( ) and information to determine the number of plastic hinges ( ) are determined within the nonlinear Sfunction during the simulation and saved to a specified data file.
The third category is related to the control devices. This category assess the required performance of the devices. Peak criterion , , and show control force, control device stroke, and power used for control
where is the force generated by the l-th control device over the time history of each earthquake, is the seismic weight of the building based on the above ground mass of the structure (excluding the mass below or at the ground level), is the displacement across the l-th control device during the earthquake, is the maximum uncontrolled displacement of the levels relative to the ground, is a measure of the instantaneous power required by the l-th control device and is the maximum uncontrolled velocity of the levels relative to the ground. For active control devices , where is the velocity across the l-th control device. For semi-active devices is the actual power required to operate the device. For the passive control devices the power required is zero.
The fourteenth evaluation criterion ( ) is a measure of the total power required for the control of the structure and is defined as (45) With passive control devices, the criterion is zero. The last category for evaluating the performance is related to the control strategy of each method. The fifteenth ( ), sixteenth ( ) and seventeenth ( ) evaluation criteria are 
The criterion is the total number of control devices implemented to control the benchmark building. The criterion is the total number of control sensors used for the control strategy. The criterion assesses the computational resources required, which is represented by the dimension of the discrete state vector , required for the control algorithm. A summary of the evaluation criteria is presented in Table 1 . The maximum uncontrolled responses required to calculate the evaluation criteria are given Tables 3-5, located in the Appendix A. All seventeen criteria should be reported for each proposed control strategy. The various levels of the respective earthquakes should each be considered in determining the evaluation criteria.
Researchers/designers are encouraged to include other criteria in their results if, through these criteria, important features of their control strategy can be demonstrated. 
Number of control devices = J 16 Number of required sensors =
Control Implementation Constraints and Procedures
To make the benchmark problem as representative of the full-scale implementation as possible and to allow for direct comparison of the results submitted to the study, the following constraints and procedures are specified:
1. The measured outputs directly available for use in determination of the control action are the absolute horizontal acceleration and the interstory drift of each level of the structure. Although absolute velocity measurements are not available, they can be closely approximated by passing the measured accelerations through a second-order filter similar to that described in Spencer, et al. (1998a) but modified as appropriate for the bandwidth of the structures here. 6. The control algorithm is required to be stable.
7. The performance of each control design should be evaluated for each of the earthquake records provided (i.e., El Centro, Hachinohe, Northridge and Kobe) and each of the levels specified for each earthquake. Performance should be evaluated assuming ideal actuators.
8. The closed loop stability robustness for each proposed active control design should be discussed.
9. If control device dynamics are included, the control signal to each control device has a constraint of 10 Volts for each respective earthquake; i.e., V .
10. The capabilities of each control device employed in the design should be discussed, and the designer/researcher should provide a justification of the availability of the device. Additional constraints unique to each control scheme should also be reported (e.g., maximum displacement, velocity, or force capacity of control devices). The control device model(s) should take the form of Eqs. (26)-(27) (i.e. actuator dynamics are neglected) when determining the evaluation criteria.
11. Researchers/designers should submit electronically a complete set of MATLAB files that will produce the evaluation criteria specified in this problem statement. For more details, see the README file included with the downloaded benchmark data on the benchmark homepage (http://www.nd.edu/~quake/).
Sample Control System Design
To illustrate some of the constraints and challenges of this benchmark problem, a sample control system is presented. Although the structure's response might be nonlinear during a severe earthquake, the sample control system is designed for the nominal linear structure. The sample control system design is included to serve as a guide to the participants in this study and is not intended to be a competitive design. The sample control system design will provide a structural control strategy for the 20-story benchmark building, including both N-S MRFs of this structure. The sample control system is a type of active system. The control actuators are located on each story of the structure to provide forces to the building. Feedback measurements are provided by accelerometers placed at various locations on the structure. In this section, the accelerometers chosen for the sample control system are described and models for the accelerometers are discussed. The control actuators are assumed to be ideal (i.e., the dynamics of the actuators are neglected) for the sample control design. A linear quadratic Gaussian (LQG) control algorithm is designed based on a reduced order model of the system. Simulations are performed and evaluation criteria are determined and recorded here. The results of the sample control system design are discussed.
Sensors
Because accelerometers can readily provide reliable and inexpensive measurements of the absolute accelerations at arbitrary locations on a structure, the sample control system is based on acceleration feedback (Spencer, et al. 1994) . A total of five acceleration measurements are selected for feedback in the control system: measurements on levels 4, 8, 12, 16 and 20.
A wide variety of accelerometers are available, many with a natural frequency at least an order of magnitude above the dynamics of this structure. Thus, each accelerometer is modeled as having a constant magnitude and phase. The magnitude of the output of each accelerometer is 10 V / g (where 1g = 9.81 m/sec 2 ), which is the sensitivity of the sensor. The measurement noise, prescribed in control implementation constraint 4, is included in the sensor model. Thus, in the form of Eqs. (22)-(23) the sensors can be modeled with and (49) where V / (m/sec 2 ). Based on the measurements selected for feedback in the sample control strategy, in which the numeric subscript denotes the level.
For simulation purposes, the sensor block shown in Figure 11 is used to represent the five accelerometers used in the sample control system design.
Control Devices
Control actuators are placed throughout the above ground stories of the 20-story benchmark building, connecting adjacent levels. The size of the actuators are limited to provide maximum control forces of 1000 kN. Actuators with this capacity are readily available. To provide larger control forces at a particular location, multiple actuators can be employed. The control actuators for this sample control strategy are placed on each level of the structure, and a total of 25 actuators are used to control the 20-story benchmark building. Four actuators are located on the ground
level, two actuators are located on each of the first and second levels, and one actuator is on each of the third through 19th levels of the structure. Each actuator is implemented in the structure using a chevron brace configuration, in which the actuator is horizontal and rigidly attached between the two consecutive levels of the building. Thus, the actuators placed on the first level will produce equal and opposite control forces on the first level and second level. In the analysis the compliance of the bracing is neglected. In the form of Eqs. (26) - (27), the force vector for the 25 control devices located on 20 levels of the building and producing 39 control forces (20 equal and opposite forces, less the force applied to the ground level) can be modeled as
where is a matrix that accounts for multiple actuators per level and loads the control devices forces (per level) onto the building levels.
For simulation purposes, the control device block shown in Figure 12 is used to represent the ideal actuators used in the sample control system design. Note that the force gain, , in Figure 12 is the gain matrix from Eq. (50) that converts the control signal to control force, accounts for multiple actuators per level, and loads the actuator forces onto the 20 levels of the structure. This gain block represents the idealized actuator models. 
Control Design Model
Because the evaluation model is quite large, a reduced order model of the system, designated the design model, is developed for purposes of control design. This 20-state reduced order design model of the 20-story structure is given as (52) (53) (54) where is the design state vector, is the vector of measured responses in Volts, is the vector of regulated responses (lateral accelerations at each of the above ground levels), is the control signal for the control force of the individual control devices neglecting actuator dynamics (note that of the 25 actuators, only 20 independent control forces are required, with the four actuators on the ground floor all exerting the same force, the two on the first level exerting the same force, and the two on the second level exerting the same force), and ,
the reduced order coefficient matrices. Notice that this design only makes use of the absolute accelerations of five levels of the structure for measured feedback, although additional measurements are available for feedback.
Control Algorithm
To illustrate some of the challenges of this benchmark problem, a sample linear quadratic Gaussian (LQG) control design is presented. To simplify design of the controller, is taken to be a stationary white noise, and an infinite horizon performance index is chosen that weights the accelerations of the levels, i.e.,
where is a matrix with equal weighting placed on each actuator force (i.e., )and the weighting matrix Q was chosen to be a matrix with equal weighting placed on each of the level accelerations (i.e., ). Further, the measurement noises are assumed to be identically distributed, statistically independent Gaussian white noise processes, and . The separation principle allows the control and estimation problems to be considered separately, yielding a control law of the form (Stengel 1986; Skelton 1988) (56)
where is the Kalman Filter estimate of the state vector based on the reduced order design model, including the actuator models. By the certainty equivalence principle (Stengel 1986; Skelton 1988) , is the full state feedback gain matrix for the deterministic regulator problem given by (57) where is the solution of the algebraic Riccati equation given by (58) and (59) (60) (61) (62) Calculations to determine were done using the MATLAB routine lqry.m within the control toolbox.
The Kalman Filter optimal estimator is given by
where is the solution of the algebraic Riccati equation given by (65) and (66) (67)
(69)
Calculations to determine were done using the MATLAB routine lqe.m within the control toolbox.
Finally, the controller is put in the form of Eqs. (24)- (25) using the bilinear transformation (Antoniou, 1993) to yield the following compensator (70) . (71) Calculations to determine the discrete time compensator were performed in MATLAB using the c2dm.m routine within the control toolbox. The control algorithm is implemented in simulation with the block illustrated in Figure 13 . The A/D and D/A converter blocks are comprised of a saturation block in series with a quantizer, enforcing control implementation constraints 3 and 9.
Evaluation of Sample Control Design
The nonlinear 20-story benchmark model controlled with the linear sample control strategy described is evaluated. The sample control strategy is applied to the 20-story benchmark model. The responses of the controlled structure are determined for each of the 10 earthquake records using the MATLAB simulation discussed herein. Time histories of the acceleration response of the 20th level of the building for uncontrolled and controlled cases are shown in Figure 14 along with the maximum absolute acceleration and maximum drift ratio profiles over the height of each building. Only the original earthquake magnitudes are presented in this figure. It is clear from the time histories that the control strategy adds significant damping to the building system as well as provides moderate reduction of the maximum accelerations and drift ratios.
The structure's responses are used to calculate the performance indices (evaluation criteria) identified in this paper in order to discuss the performance. The performance of the sample control design is reported in Table 2 . In this sample control strategy, the floor accelerations, both peak and normalized, are reduced substantially from the uncontrolled cases. The drift evaluation criteria are also reduced slightly, though the base shear criteria remain unaffected. The control force evaluation criteria are reasonable. The building damage evaluation criteria show overall improvement. The amount of energy dissipated through structural yielding is reduced substantially. The control device criteria appear reasonable. The number of sensors and control devices are also reasonable as well as the computational resources required to implement to 20-state controller. The sample control strategy provides adequate reduction of the evaluation criteria; however, let it be stated again that this control strategy is intended to provide an example of the procedure for this benchmark problem and is not a competitive design.
Closure
The models and data for the nonlinear benchmark control problem for seismically excited buildings are available in a set of MATLAB files. Included are scripts which build the evaluation models of the 3-, 9-and 20-story buildings, perform the sample control design and run the simulation. These files are available on the World Wide Web at the following URL:
http://www.nd.edu/~quake/ If you cannot access the World Wide Web or have questions regarding the benchmark problem, please contact the senior author via e-mail at: spencer@nd.edu.
To increase the value of this effort to the community, participants in the nonlinear benchmark study are requested to submit their control designs electronically for inclusion on the benchmark homepage cited previously. This electronic submission should be in the form of an m-file script and the associated data that, when run, produces the evaluation criteria used defined in the problem statement. The file Eval_NLBM.m included with the sample control strategy is an example of the required evaluation m-file script. See the README file included with the downloaded benchmark data for more details. 2.6696e+00 5.3392e+00 7.7856e+00
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